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GENERATING A PROCESS AND
TEMPERATURE TRACKING BIAS VOLTAGE

This application 1s a continuation-in-part of U.S. patent
application Ser. No. 12/080,066 entitled “COMPENSATION
FOR NON-LINEAR CAPACITANCE EFFECTS IN A
POWER AMPLIFIER,” filed on Mar. 31, 2008.

BACKGROUND

In various circuitry, amplifiers are commonly used to boost
an amplitude of an mcoming signal to a desired level. For
example, various amplifiers may be present 1n a given system
to boost signal strength of incoming signals to provide them
at a desired level for further processing.

In wireless systems such as cellular handsets, mobile inter-
net devices, wireless personal digital systems (PDAs) and so
torth, typically a power amplifier (PA) 1s present to receive a
radio frequency (RF) signal modulated as desired for a given
communication protocol and amplity this signal for transmis-
s10n via an antenna of the device. Typically, a power amplifier
can amplify both current and voltage of an incoming signal to
provide the signal at a desired level.

Different requirements may exist in different communica-
tion protocols. Many communication systems have various
requirements for a handset to achieve with relation to power,
eificiency, and linearity over varying signal levels. For
example, a variety ol communication systems, including

enhanced data rates for GSM evolution (EDGE), long term
evolution (LTE/4G), WiF11naccordance with an IEEE 802.11
standard, worldwide interoperability for microwave access
(WiMax), code division multiple access (CDMA), and wide-
band-code division multiple access (W-CDMA) all have
modulation schemes that require a linear signal path.

In an amplifier stage of such a PA, 11 a phase shift through
the stage 1s a function of the amplitude of the input signal,
then that amplifier has phase distortion (a.k.a. amplitude
modulation-to-phase modulation (AM-to-PM) distortion).
AM-to-PM distortion 1s a non-linear process which degrades
the amplifier’s overall linearity. AM-to-PM distortion can
exist with or without amplitude (a.k.a. AM-to-AM) distor-
tion. Together the two non-linear processes characterize the
non-linear behavior that is relevant in 1deally linear commu-
nications circuits. These non-linear processes cause spectral
splatter or leakage of signal energy from a desired channel to
nearby channels. In many systems, this spectral splatter 1s
measured by the adjacent channel power ratio (ACPR) or the
adjacent channel leakage ratio (ACLR).

Current PAs are typically formed using a gallium arsenide
(GaAs) process with bipolar devices that do not suffer sig-
nificant AM-to-PM distortion. However, 1n the case of highly
cificient complementary metal oxide semiconductor
(CMOS) power amplifiers, AM-to-PM distortion can cause a
significant linearity problem. AM-to-AM linearization tech-
niques exist for CMOS devices, but such techniques either do
not address AM-to-PM distortion, or they are rendered less
effective because of AM-to-PM distortion. As a result, an
amplifier such as a power amplifier that 1s formed using
CMOS devices can have linearity 1ssues. Alternatively, the
CMOS power amplifier can be made to operate 1n a different
mode (a.k.a. Class A) that improves the overall linearity but
reduces the efficiency.

SUMMARY OF THE INVENTION

According to one aspect, the present invention 1s directed
to an apparatus that can provide a bias voltage to a compen-
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sation device. This bias voltage may vary over process and
temperature such that the compensation circuit provides
capacitance compensation to a main device to which 1t 1s
coupled. The apparatus may include a tracking device biased
by a first bias voltage, a comparator having a first input
coupled to a first terminal of the tracking device to receive a
first voltage and a second input to receive a second bias
voltage, and a current mirror coupled to the tracking device
and gated by the comparator output to output a current. This
current 1s proportional to a mobility and oxide thickness of the
tracking device, yet independent of a threshold voltage of the
tracking device. A voltage can be generated from this current
and provided as at least part of the bias voltage to the com-
pensation device. The tracking device can be formed of at
least one unit device having a given aspect ratio, where the
main device 1s formed of multiple unit devices having the
same aspect ratio.

Another aspect of the present invention 1s directed to a
method for generating a current that 1s proportional to a
mobility and an oxide capacitance of a tracking device (and
independent of a variation of a threshold voltage of the track-
ing device), generating a voltage from the current in a voltage
generation circuit, and providing the voltage as at least part of
a bias voltage for another device. In one embodiment, this
device may be a compensation circuit coupled to a main
device to compensate for capacitance non-linearity of the
main device. Where the tracking device has the same aspect
he main device, the generated voltage may be the

ratio as t
same as the threshold voltage of the main device.

Yet another aspect of the present invention 1s directed to a
voltage combiner that combines multiple threshold voltages
cach generated by a different tracking circuit. The combined
voltage can be used to bias a compensation device coupled to
a gain stage device to compensate for a capacitance non-
linearity of the gain stage device.

Another aspect of the present invention 1s directed to a
power amplifier that includes a gain stage and multiple com-
pensation stages. The gain stage may include a pair of
complementary amplifiers to receive a differential input sig-
nal and to output a differential amplified signal. In turn, each
compensation stage has first and second compensation
devices each coupled to an amplifier of one of the comple-
mentary amplifiers. In this way, each compensation device
can compensate for a change in capacitance of the corre-
sponding amplifier when the differential input signal 1s 1n a
predetermined transition region of an input range. In turn, the
compensation device can provide a bias voltage from the
voltage combiner. Such a power amplifier may be 1mple-
mented 1n a wireless system to amplily signals provided by a
transceiver or other such circuitry to an appropriate level for
transmission via an antenna or other radiation means.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a graphical illustration of capacitance changes
versus a gate-to-source voltage.

FIG. 2A 1s a small signal model of a CMOS gain stage.

FIG. 2B 1s a small signal model of a CMOS gain stage
operating at a center frequency.

FIG. 3A 15 a schematic diagram of a compensation circuit
in accordance with one embodiment of the present invention.

FIG. 3B 1s a graphical 1llustration of capacitance changes
for the circuit of FIG. 3A.

FIG. 3C is a schematic diagram of a compensation circuit
in accordance with another embodiment of the present inven-
tion.
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FIG. 3D 1s a schematic diagram of a dual circuit to the
compensation circuit of FIG. 3C.

FIG. 3E 1s a schematic diagram of a complementary com-
pensation circuit 1n accordance with one embodiment of the
present invention.

FIG. 4A 1s a schematic diagram of a compensation circuit
in accordance with another embodiment of the present mnven-
tion.

FIG. 4B 1s a graphical illustration of capacitance changes
tor the circuit of FIG. 4A.

FIG. 5 1s a conceptual schematic diagram of a compensa-
tion circuit 1 accordance with another embodiment of the
present invention.

FIG. 6A 1s a graphical 1llustration of capacitance changes
without compensation in accordance with an embodiment of
the present invention.

FIG. 6B 1s a graphical illustration of capacitance changes
with compensation in accordance with an embodiment of the
present invention.

FIG. 7A 1s a schematic diagram of a closed loop system in
accordance with one embodiment of the present invention.

FIG. 7B 1s a schematic diagram of a closed loop system in
accordance with another embodiment of the present mven-
tion.

FIG. 8 1s a schematic diagram of a tracking circuit in
accordance with one embodiment of the present invention.

FI1G. 9 1s another schematic diagram of a tracking circuit in
accordance with one embodiment of the present invention.

FIG. 10 1s a schematic diagram of a tracking circuit in
accordance with another embodiment of the present mven-
tion.

FIG. 11 15 a schematic diagram of another tracking circuit
in accordance with an embodiment of the present invention.

FIG. 12 1s a schematic diagram of yet another process
tracking circuit 1n accordance with one embodiment of the
present invention.

FIG. 13 1s a schematic diagram of a bias generation circuit
in accordance with an embodiment of the present invention.

FI1G. 14 1s a schematic diagram of a circuit that includes the
same process tracking circuit of FIG. 8.

FIGS. 15A and 15B are schematic diagrams of voltage
generation circuits that may be used to generate a threshold
voltage 1n accordance with an embodiment of the present
invention.

FIG. 16 1s a schematic diagram of the tracking circuit of
FIG. 9.

FIG. 17A 1s a schematic diagram of a circuit to combine
threshold voltages of different polarities in accordance with
one embodiment of the present invention.

FIG. 17B 1s a schematic diagram of a voltage combining,
circuit that 1n accordance with another embodiment of the
present invention.

FIG. 18A 1s a schematic diagram of another voltage com-
bining circuit in accordance with one embodiment of the
present invention.

FIG. 18B 1s a schematic diagram of yet another voltage
combining circuit in accordance with one embodiment of the
present invention.

FIGS. 19 and 20 are example implementations of com-
bined circuits for generating threshold voltages 1n accordance
with one embodiment of the present invention.

FIG. 21 1s a block diagram of a wireless device 1n accor-
dance with an embodiment of the present invention.

DETAILED DESCRIPTION

Embodiments may be used to improve linearity of an
amplifier, and more particularly to improve phase linearity of
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a PA such as a CMOS PA. However, the techniques described
herein may be used to improve linearity of CMOS devices 1n
circuits beyond PAs. As will be described further below,
embodiments may improve linearity by compensating for
capacitance changes that occur to a device as 1t 1s provided
with varying input signal levels. More specifically, as transis-
tors dynamically change their characteristics when conduct-
ing in different operating regions, different inherent or para-
sitic capacitances may exist. Embodiments may attempt to
reduce or remove the eflects of such capacitance changes.

As discussed above, in certain applications, non-linear
capacitance may occur over varying operating conditions. To
compensate for such conditions, a compensation mechanism
may be provided. In PA applications in which an amplifier
gain stage mncludes one or more MOS transistors, a compen-
sation circuit may also be formed of MOS transistors. One
method of performing non-linear capacitance compensation
1s to use complementary MOS ftransistors with appropriate
biasing and si1zing to eflectively generate a Cgg profile that
compensates the Cgg profile of the gain stage MOS transistor
(referred to herein as a main device). For a gain stage having
an n-channel MOSFET (NMOS) main device, a p-channel
MOSFET (PMOS) compensation device may be provided.

In a CMOS gain stage such as used in a PA, MOS devices
can be configured as a complementary common-source
amplifier 1n which multiple metal oxide semiconductor field
elfect transistors (MOSFETSs), namely a p-channel MOSFET
(PMOS) and an n-channel MOSFET (NMOS), are driven at
the gates by an incoming signal and have their drain terminals
coupled together to provide an amplified version of the mnput
signal. In this case, the gate-to-source capacitance (C_,) of the
NMOS and PMOS devices are the main source of AM-to-PM
distortion. This 1s caused by the significant change i C__ as
the mput signal amplitude (V) increases. For a high effi-
ciency PA, a gain stage 1s typically biased Class AB or B,
where the MOS devices are nearly ofl. As the input signal
RMS value increases to a larger level than the quiescent, the
devices’ average operating point 1s shifted to a more “on”
condition. This shifting operating condition causes a change
in the devices’ channel charge, and hence a change 1n the
average C,..

This capacitance change typically happens near the thresh-
old voltage of the devices, where they begin to conduct sig-
nificantly. For example, if a device 1s instantaneously off at a
point 1 time and there 1s no current through the device, a
channel has no significant charge, and thus the capacitance
seen on the mput to a very small signal 1s also very small.
When an mput voltage starts to swing upwards and starts to
turn the device on, the device starts to conduct, and the chan-
nel begins to gain some charge in it, and the device essentially
acts like parallel plates such when there 1s no charge 1n a
channel, the plates are far apart, but as a charge begins to build
in the channel, the plates become closer together. Thus as the
device turns on, the plates come closer together and capaci-
tance increases rapidly.

In various embodiments, different techniques may be used
to generate a bias voltage, e.g., for a compensation circuit.
More specifically, in some implementations a bias voltage
may be generated that 1s substantially around a sum of thresh-
old voltages of two or more MOS devices. For example, 1n an
embodiment 1n which the bias voltage 1s to be provided to a
compensation device that compensates for capacitance non-
linearity of a main device, the threshold voltage sum may be
that of the threshold voltages for devices of the compensation
circuit as well as the main circuit.

Still further, embodiments may provide various process
monitoring circuits that can track process and temperature

[
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and can be used 1n a wide variety of applications including
PAs. In general, the circuit can include elements that vary
with regard to voltage and temperature but are independent of
threshold voltage. Then, an output of this tracking circuit can
be used to generate a threshold voltage for a main device that
tracks variations due to process and temperature.

One such monitoring circuit 1s referred to herein as a
“uC,5~ tracking circuit that tracks the mobility (1) of either
clectrons or holes (depending on the type of metal-oxide-

semiconductor field effect transistor (MOSFET) device) and
oxide thickness T ,., which manifests itself in the oxide
capacitance (C ) term. This circuitry suppresses the track-
ing of the threshold voltage, but tracks several second order
elfects 1n a MOS transistor including short-channel effects.

This uC,, .- tracking circuit can also be used to generate a
threshold voltage, e.g., using a threshold voltage generation
circuit, 1n different ways. Embodiments may also enable pro-
gramming or {ine control of both the uC .- tracking and volt-
age generation circuits.

Referring now to FI1G. 1, shown 1s a graphical illustration of
small-signal capacitance changes occurring over a corre-
sponding change 1n bias voltage (a.k.a. operating point). Spe-
cifically, FIG. 1 shows capacitance changes for a NMOS
device and a PMOS device as the V_ for these devices varies.
As shown1n FIG. 1, while the capacitance of each device does
vary over V., note that a rapid change occurs at a V__ level
substantially around a threshold voltage level of the given
device. FIG. 1 also shows the combined capacitance changes
of the two devices, which corresponds to total mput capaci-
tance for the NMOS C_; and the PMOS C_,. Thus FIG. 1
shows the capacitance change ot a small signal C_ versus a
DC bias value (V_,) for mdividual NMOS and PMOS
devices, as well as a total mnput capacitance for the NMOS C_
and the PMOS C_..

Consider a smusoidal input signal, V.. Conceptually, as
the instantaneous voltage changes, the input capacitance also
changes. Thus, the input signal traces a path on a capacitance
vs. voltage plot diagram such as that of FIG. 1. As the peak
voltage of the sine wave increases, the capacitance wave
changes significantly. For a given V_  amplitude, the time-
average value of the capacitance wave 1s the critical quantity
for AM-to-PM distortion. As the time-average C_, changes
with iput amplitude, the phase shift of the gain stage will
change. It 1s this phase change that gives rise to AM-to-PM
distortion.

The functional relation of the phase shiit to the change in
C,, can be determined using a small signal model of a gain
stage. Referring now to FIG. 2A, shown 1s a small signal
model of a CMOS gain stage coupled between a source,
represented as a current source I, a source resistance R ¢ and
a source inductance L, and aload. The small signal model of
the gain stage itselt 1s represented as a capacitance, C_,, a
current source of gmV__ and an output resistance, capaci-
tance, and inductance (R, C,, L), which 1s coupled to a
load, represented by a load resistance R, . Let R . include any
losses from L (in parallel form). C_; equals C_, and AC_,
where C_, 1s the small-signal input capacitance. L 1s reso-
nant with C_, at the center frequency, w,. R; includes loss
from L, and R, and L, 1s resonant at the center frequency
with C,,.

Note that 1n this small signal model, at frequencies near a
center frequency, which may correspond to a center fre-
quency at which the gain device operates, e.g., a center Ire-
quency of a RF frequency of a given communication system
(e.g., a 1800 megahertz (MHz)), the small signal model of

FIG. 2A may be represented by the small signal model set

10

15

20

25

30

35

40

45

50

55

60

65

6

forth in FIG. 2B. With reference to the small signal model of
FIG. 2B, near a center frequency m=wm_,

APhase Shift=/V;/Is=—tan  (0AC, R )=—0AC, R,

S AD=tan ' (WAC, R)=—0AC,R,.

Extracting the total input capacitance under large-signal
conditions, the (uncompensated) capacitance decreases at
medium mput levels. In an example system, assume a
ACgs=—1.8 picoFarads (pF), with R =100€2 and a 900 MHz
center frequency, the phase shift 1s approximately 45°, which
can cause significant phase distortion.

To reduce or prevent such phase distortion, an open-loop
compensation approach can be provided, 1n various embodi-
ments. More particularly, embodiments may use a comple-
mentary device as a capacitor that compensates for the change
in C_, ofthe gain device. For compensation to be etfective, the
compensation device area can be scaled with reference to the
gain device area so that changes in capacitance i a rapid
transition region are approximately equal. As used herein, the
term “‘rapid transition region” refers to a portion of a signal
range (either as a function of input signal, V_ or other voltage
level) at which rate of the capacitance change 1s substantially
higher than at other portions of the voltage level. This region
1s related to a threshold voltage of the device, and thus the
rapid transition region may also be used to refer to the devices
themselves.

A compensation bias source can be set so that the rapid
transition regions (for gain device and compensation device)
align with respect to input voltage. In some implementations,
the compensation device can be approximately half the area
of the gain device, and the corresponding compensation bias
can be approximately V ,,—V . —IV.|, where V ., 1s supply
voltage and 'V .,and V . are threshold voltages for the NMOS
and PMOS devices, respectively.

Referring now to FI1G. 3A, shown 1s a schematic diagram of
a compensation circuit in accordance with one embodiment
of the present ivention. As shown in FIG. 3A, circuit 100
may be part of a gain stage of a power amplifier. More spe-
cifically, as shown 1n FIG. 3 A, circuit 100 includes an ampli-
fier formed of a MOSFET M1 which as shown 1s an NMOS
device. As shown 1n FIG. 3A, circuit 100 may be coupled to
receive an mcoming signal V, through a capacitor C1 that
acts as a DC block to thus couple an incoming AC signal,
which may be an RF signal to be amplified for output from a
handset or other wireless device, to MOSFET M1. While
shown with this simple capacitance block, understand that in
various 1mplementations a large variety ol coupling
approaches can be used. As shown in FIG. 3A, this mput
signal 1s coupled to transistor M1, and more specifically to a
gate terminal of the device. MOSFET M1 may be a common-
source amplifier having a source terminal coupled to a refer-
ence voltage (e.g., a ground voltage) and a drain terminal
coupled to a supply voltage through a biasing network, or to
a drain terminal of a PMOS device (in a complementary
implementation), to thus provide an amplified output signal to
a load to which the gain stage 1s coupled. While not shown 1n
the embodiment of FIG. 3A, understand that an output line
coupled to the drain terminal of MOSFET M1 may provide
the amplified signal to a further portion of a signal path of the
power amplifier, e.g., to another gain stage, to an output
matching network or so forth.

Still referring to FIG. 3 A, to provide for open-loop com-
pensation a second MOSFET, namely MOSFET M2, may be
coupled to MOSFET M1. Specifically, as shown in FIG. 3A
MOSFET M2 may be a so-called gate capacitor or MOS

capacitor, formed of a MOSFET having source and drain
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terminals coupled together to act as a plate of the capacitor.
Note that MOSFET M2 may be of complementary design,
1.€., ol opposite polarity to MOSFET M1 to thus provide the
desired capacitance compensation. In the embodiment of
FIG. 3A, MOSFET M2 may be a PMOS device. Note that 1in
the embodiment of FIG. 3A, a bias source 110 1s coupled to
provide a bias voltage to these commonly coupled source and
drain terminals, and the gate of MOSFET M2 1s coupled to the
gate of MOSFET M1. While shown in the embodiment of
FIG. 3A as an NMOS device, understand that in other imple-
mentations an amplifier may be formed of a PMOS device
with a corresponding NMOS compensation device, as shown
in FI1G. 4A below. Still further, as will be described below, an
amplifier may be formed of complementary NMOS and
PMOS devices coupled together. Furthermore, while shown
with a single-ended implementation for ease of discussion in
FIG. 3A, understand that various embodiments may have a
differential design, and also in various implementations mul-
tiple gain devices may be coupled together 1n cascade fashion
such that the input capacitance compensation may be applied
to one or more of such gain devices. Still further, parallel gain
stages may be present 1n some implementations. In some
implementations, both put and output compensation
devices may be present.

For example, such parallel gain stages may each be of a
different size and each may be biased differently. In such an
implementation, each gain device may have a capacitance
compensation applied as described above. Each compensa-
tion device may similarly be biased with a different bias
voltage. In this way, with the differently-valued bias sources
both for gain devices and compensation devices, the transi-
tion region ol the capacitance change can be effectively
spread out. In yet other embodiments, the multiple parallel
gain stages can be biased at the same point or at very different
points (1.e., some on and some oil). In each case, a compen-
sation device can be separately applied to each parallel path
and the compensation bias may be set for the corresponding
gain device to which 1t 1s coupled.

Still further, a single gain stage may have multiple com-
pensation devices connected 1n parallel thereto, with each
such compensation device biased at slightly difierent points
to thus spread out the non-linearity, and thus to spread out the
transition region of the capacitance change.

The bias voltage for a compensation device may be set to
track any changes in the gain device’s bias, supply voltage,
temperature, and process variations. The basic dependencies
for the bias voltage for compensation can be understood by
considering the physical processes that lead to the capaci-
tance changes. For an NMOS device, as Vs increases from O,
while V , >0, a channel 1s formed under the gate. This forma-
tion leads to a rapid increase in C_, with respect to 'V as the
separation between capacitor plates 1s reduced. The device’s
V ~determines the amount of charge 1n the channel for a given
V. which influences C_ . Thus, V. strongly influences the
value ot V__at which C_, goes through a rapid transition.

Likewise, the V. of a PMOS gain device determines the
value otV at which the C_ ofthe gain device makes its rapid
transition. Since the V_ of the PMOS gain device 1s refer-
enced to the supply voltage (V 5), the bias voltage for com-
pensation may also be a function otV 5. As described above,
in some 1mplementations, the bias voltage 1s approximately
Vo=V 75l=V .. Note that by shifting the burden of this bias
generation design from RF to DC, many advantages appear,
such as more design flexibility and easier implementation.

Referring now to FI1G. 3B, shown 1s a graphical 1llustration
of capacitance changes (1.e., AC_,) that occur over changing
input signal conditions (1.e., AV_ ) for the circuit of FIG. 3A.
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Specifically, note that the NMOS gain device undertakes a
large, rapid capacitance change substantially around a thresh-
old voltage of the device, 1.¢., the rapid transition region. To
thus compensate for this change, the PMOS compensation
device may undergo an opposite and substantially equal
capacitance change around this same value of the mncoming
signal. Thus as shown in the top curve of FIG. 3B, the total
capacitance change that occurs 1s much smoother, with a
significantly reduced rate ot change of C_, improving phase
linearity of the gain device. Note that even though the maxi-
mum change 1n capacitance before and aiter compensation 1s
about the same, the compensated capacitance characteristic
results in improved linearity. Thus what essentially provides
the phase-linearity improvement 1s the slope reduction of the
capacitance characteristic.

In some embodiments, there may be a varniable capacitance
on an output node of the gain device, which may be coupled
from the drain to the source of the gain device and 1s variable.
In this alternate embodiment, a complementary depletion
capacitance may be coupled to compensate the output of the
gain device for the capacitance change. Specifically, as shown
in FI1G. 3C, a circuit 100" may include a gain device M1 driven
at the gate by an incoming signal that 1s AC coupled through
a coupling capacitance C1. The box enclosing the NMOS
gain device M1 also shows an inherent parasitic diode D1 that
1s formed at the drain terminal of the gain device. This diode
1s of the type N+:P-well, where the N+ corresponds to the
drain diffusion, and the P-well 1s the other terminal of the
diode. To provide for output capacitance compensation, a
similar diode structure D2 may be realized by a N+ diffusion
in a P-well and connected to an appropriate bias voltage 110
as shown 1n the FIG. 3C. It 1s noted that other diodes struc-
tures can also be used. If the NMOS drain area 1s A_, then the
diode will have an area that 1s appropnately scaled: C, xA
such that the total capacitor (which is the sum of the intrinsic
drain diode of the NMOS gain device and the compensation
diode) variation as a non-linear function of the output signal
levels (which 1n turn depends on the input signal levels) 1s
minimized.

FIG. 3D 1s a schematic diagram of a dual circuit to the
compensation circuit of F1G. 3C. Specifically, F1G. 3D shows
a circuit 100" that includes a PMOS gain device M1 having an
inherent parasitic diode D1 that 1s a P+ type N-well diode,
while compensation diode D2 1s formed as an P+ diffusion in
a N-well connected to bias voltage 110.

In yet other implementations, a complementary version
including both NMOS and PMOS devices, such as of a
complementary gain stage may be provided. Referring now to
FIG. 3E, shown 15 a schematic diagram of a CMOS embodi-
ment. As shown 1n FIG. 3E, circuit 100" includes an NMOS
gain path AC coupled through a coupling capacitance C,,and
a PMOS gain path AC coupled through a coupling capaci-
tance C,. Complementary gain devices M1 and M2 thus
provide an output signal V_ _ that 1s compensated by output
compensation diodes D3 and D4, which are each coupled
between the commonly coupled drain terminals of gain
devices M1 and M2 and corresponding bias sources 110 and
111.

FIG. 4A shows a similar amplifier to that of FIG. 3A, but
having a PMOS gain device. Specifically, as shown in FIG.
4 A, circuit 150 may be part of a gain stage of a power ampli-
fier, and includes a MOSFET M3 which as shown 1s a PMOS
device having a source terminal coupled to a supply voltage
and a drain terminal to provide an amplified version of an
incoming signal to a load to which the gain stage 1s coupled.
Circuit 150 may be coupled to recerve an incoming signal vV,
through a capacitor C2 that acts as a DC block to thus couple
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an mcoming AC signal, which may be an RF signal to be
amplified to MOSFET M3. While shown with this simple
capacitance block, understand that in various 1implementa-

tions, a large variety of coupling approaches can be used. A
second MOSFET, namely MOSFET M4, may be coupled to

MOSFET M3. Specifically, MOSFET M4 may be a MOS
capacitor with commonly coupled source and drain termi-
nals. Note that MOSFET M4 1s a NMOS device. A bias
source 160 1s coupled to provide a bias voltage to these
commonly coupled source and drain terminals, and the gate
of MOSFET M4 1s coupled to the gate of MOSFET M3.
Circuit 150 may operate 1n complementary fashion to that of
circuit 100 of FIG. 3A. FIG. 4B shows a graphical illustration
of capacitance changes for the circuit of FIG. 4A.

To expand the concept of capacitance compensation set
forth 1n FIGS. 3A and 4A to a complementary amplifier, the
NMOS and PMOS gain devices of the figures may have their
drain terminals coupled together such that the circuitry
present in these figures 1s combined to provide for comple-
mentary operation.

Referring now to FIG. 5, shown 1s a schematic diagram of
a compensation circuit 1n accordance with another embodi-
ment of the present invention. As shown 1in FIG. 5, circuit 200
may be differential amplifier having a positive portion (or
p-side) 210 coupled to receive a positive portion of an 1ncom-
ing differential signal, In+, and a negative portion (or n-side)
250 coupled to receive a negative portion of the differential
signal, In—-. These signals may be driven (1deally) with equal
amplitudes of 180° phase difference.

As shown 1n FIG. §, first portion 210 includes a gain stage
220 and second portion 250 includes a gain stage 260. In
addition, two compensation stages 230 and 270 may be pro-
vided, each of which 1s coupled to parts of the first and second
portions, as will be described further below. As shown in the
embodiment of FIG. 5, gain stage 220 includes a pair of
complementary MOSFETs M1 and M2. In turn, gain stage
260 includes complementary MOSFETs M5 and M6. These
gain stages are coupled to receive respective incoming signals
at their gate terminals through a DC block formed of capaci-
tors C1-C4. Still turther, a bias voltage 1s supplied via these
capacitors and inductors L1-L4, coupled between the input
lines and respective bias voltages V. and V ,, to provide a
bias voltage for these gain stages. Of course, other coupling
and biasing approaches exist and may instead be used.

Compensation stages 230 and 270 are provided to improve
phase linearity by decreasing the rate of a capacitance change
occurring around the threshold voltages of the devices that
form the gain stages. As shown, compensation stage 230 1s
formed of a pair of NMOS transistors M3 and M4, both of
which have source and drain terminals coupled to a bias
voltage obtained from a bias generator 240. In turn, gate
terminals of these devices are differentially driven by the

input signals to the PMOS devices of gain stages 220 and 260,
namely MOSFETS M2 and M6. Similarly, compensation

stage 270 1s formed of a pair of PMOS transistors M7 and M8,
both of which have source and drain terminals coupled to a
bias voltage obtained from a bias generator 280. In turn, gate
terminals of these devices are differentially driven by the
iput signals to the NMOS devices of gain stages 220 and
260, namely MOSFETS M1 and MS.

Note that bias generators 240 and 280 may be set at
approximately the same bias level. Further, in some imple-
mentations only a single bias source may be provided and
coupled to all compensation devices, although for certain
implementations, providing separate bias generators for the
different compensation stages may ease layout and routing
issues. Thus in circuit 200, the differential output signal, Out
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+/— obtained at the common drain terminals of the comple-
mentary devices of each gain stage 1s provided with greater
linearity across its operating range.

For proper bias, the bulk of the compensating devices are
DC 1solated from other devices. In various CMOS processes
a deep N-well may be provided for the NMOS compensation
devices. As shown 1 FIG. 5, 1 a differential application,
there are four compensation devices for the differential
amplifier: two NMOS compensation devices (M3 and M4)
driven differentially and two PMOS compensation devices
(M7 and M8) driven differentially. By placing each pair of
compensation devices close together in the same well, biasing
of the well and bulk 1s more practical. This 1s because the two
devices are driven differentially, and the return current of one
device 1s through the second device, thus eliminating large
currents through the bulk, which greatly simplifies a given
bias implementation. That 1s, by providing a pair of compen-
sation devices differentially driven, the biasing of the bulk
becomes easier. In this way, the signal current does not leak
ofl elsewhere, causing complications. This also eases the
design of the bias source, as 1t does not need to provide the
large signal currents, and hence can be implemented in small
area with very little power consumption.

Thus, by providing one or more compensation devices for
a gain stage, reduced capacitance changes may occur,
improving phase linearity. Referring now to FIG. 6A, shown
1s a graphical illustration of capacitance changes over varying
RMS 1nput levels over an operating region of an example PA,
without capacitance compensation in accordance with an
embodiment of the present invention. As shownin FI1G. 6 A, as
input power (related to the RMS value of the input voltage)
increases, a relatively large decrease in capacitance occurs at
medium input-power levels. For example, as described above
with regard to the small signal model, a change of approxi-
mately —1.8 pF can be realized at a medium input-power
levels for a 900 MHz signal, leading to a phase change of
approximately 45° without use of a compensation technique
as disclosed herein. In contrast, using embodiments of the
present invention such as that 1llustrated with circuit 200 of
FIG. 5, over medium mput-power levels, a substantially
reduced capacitance change occurs, as shown in the graphical
illustration of FIG. 6B. Thus 1t 1s noted that the total capaci-
tance 1s not independent of V_, but the slope (max) has been
significantly reduced. For example, see the slope differences
between FIG. 1 (showing a significant slope change without
capacitance compensation) and FIGS. 3B and 4B (showing a
smooth change 1n total capacitance across differing V_  lev-
cls). With this compensation, a large-signal input shows sig-
nificantly less variation in input capacitance in the medium-
imput power levels range. At the pomnt of amplitude
compression, and referring back to the same exemplary
parameters discussed above, AC_~0.08 ptF and the phase
distortion 1s reduced to approximately 3°.

In other implementations, rather than an open loop
approach, a closed loop system can be provided to obtain
teedback regarding a level of an incoming signal and adjust a
controllable element to provide a desired amount of capaci-
tance to the gain device. Referring now to FIG. 7A, shown 1s
a schematic diagram of a closed loop system in accordance
with one embodiment of the present invention. As shown in
FIG. 7A, system 300 includes a signal source 310, which may
be a portion of a handset through a transcerver that thus
provides an RF signal to an amplifier 320, such as a gain stage
of a PA of the handset. To enable capacitance compensation in
accordance with an embodiment of the present invention, a
detector 330, which may be an amplitude detector (e.g., a
RMS or peak detector) may be coupled to detect an amplitude
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of the mmcoming signal. In various embodiments, the ampli-
tude detected may be a voltage amplitude or current ampli-
tude. This detected amplitude may be provided to a controller
340, which may be an analog or digital control circuit, either
present within a PA, or part of other circuitry of a handset or
other device. Based on the input level, control signals may be
provided to variable capacitors C1 and C2 to thus switchin a
desired amount of capacitance to the input of gain stage 320.
As one example, controller 340 may 1nclude a lookup table
that 1s coupled to recerve as an mnput the amplitude of the
signal and to output a control value to capacitor C1 and/or C2
to thus switch 1n the desired amount of capacitance (which
may be a negative value, 1n some 1mplementations). The
values present 1n the lookup table may be generated based on
empirical analysis, small signal modeling or so forth. In vari-
ous implementations, the variable capacitors can be a bank of
discrete fixed capacitors with digital control. Alternately, 1n
other implementations 1 a system 300", such as shown 1n
FIG. 7B, the controllable capacitances can be varactors with
analog control.

In operation, a closed loop system may provide capaci-
tance compensation as follows. First, the input signal ampli-
tude may be detected, and an amount of capacitance to be
coupled to the gain stage may be determined responsive to
this detected amplitude. Note that this capacitance thus may
compensate for a non-linear phase response of the gain stage
to the mput signal. Then, based on the determined capaci-
tance, the controllable element, which can be a variable
capacitance, a varactor with analog control or so forth, can be
controlled to couple the determined amount of capacitance to
the gain stage.

As described above, to generate a proper bias voltage to
provide to a compensation circuit, first a threshold voltage-
independent measure of process can be determined. More
specifically, this threshold voltage-independent measure may
be of mobility and oxide thickness 1n a MOS device. Then this
process measure, which varies with temperature but 1s inde-
pendent of threshold voltage, can be used to generate a bias
voltage. Reterring now to FIG. 8, shown 1s a schematic dia-
gram ol a tracking circuit in accordance with one embodi-
ment of the present invention. As shown m FIG. 8, circuit
1100 may generate a current that 1s proportional to uC,,-
where “1” 1s the mobility of the MOS transistor and “C 55" 15
the oxide capacitance, which 1s inversely proportional to the
oxide thickness, “T ;. As seen 1 FIG. 8, a tracking device
1102 may be an NMOS device having a source terminal
coupled to a reference potential, a gate terminal coupled to a
bias voltage V 5./, and a drain terminal coupled to a compara-
tor (such as an operational amplifier 1105) and a first device
1112 of a current mirror 1110.

This tracking device may have a predetermined relation-
ship with a main device. It 1s to be understood that 1n many
implementations multiple unit devices having a common
aspect ratio (1.e., W/L) may be connected 1n parallel to form a
main device. In turn, to provide a tracking device that moni-
tors process and temperature changes with regard to the main
device, the tracking device may be formed of one or more unit
structures having the same aspect ratio as the unit structure of
the main device. By using a unit structure with the same
aspect ratio, second order effects can be tracked. Still refer-
ring to FIG. 8, the current from tracking device 1102 1s
coupled to a positive mput terminal of amplifier 1105 and a
corresponding drain terminal of current mirror device 1112,
which 1n turn has a commonly coupled gate terminal with a
second current mirror device 1114 (and with which it also has
commonly coupled source terminals). These gate terminals
are coupled to recerve the output of op amp 1105, which has
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anegative gate input terminal to receive a second bias voltage
(Vzan) In turn, the drain terminal of current mirror device
1114 provides an output current I, which tracks the process
parameters such as mobility and oxide thickness for tracking
device 1102, but suppresses the effect of the dependence of
this output current on the threshold voltage of tracking device
1102, depending on choice of bias voltages V ;. and V 5. IT
the tracking device 1102 1s biased in the triode region of
operation, a simple expression for I, ., (1gnoring short chan-
nel and second order effects) 1s as follows:

[EQ. 1]

It = #Cox 7 (Vav:t — Vv )Vaw2

where W/L 1s an aspect ratio of the tracking device and V -, 1s
a threshold voltage of the tracking device.

Note that current mirror 1110 can be drawn in several
forms. The basic point 1s that the device 1102 1s biased with a
V.=V, and V=V ..., by using amplifier 11035 and cur-
rent mirror 1110. ITV 5, 1s much greater than V ,then I, -,
1s proportional to uC .- (approximately) for MOS devices. In
other words, by setting the V .. at a high voltage (e.g., as high
as possible 1 a given process), the threshold voltage (V /) 1s
a small portion of the larger quantity, thus 1solating or track-
ing out threshold voltage, making the uC,,,- circuit threshold
voltage independent. The voltage source to provide V 5., may
be obtained from a stable reference voltage independent of
process and temperature, e.g., dertved from a bandgap volt-

age, or from an external voltage. A more elaborate expression
for the device I, versus V . can be written with second order
effects. However, the above circuit tracks the second order
cifects while suppressing the effect of the threshold voltage of
the tracking device. Note that the current generated by the
current mirror can be converted to a voltage to generate a
voltage proportional to nC, .- while suppressing the threshold
voltage, e.g., by providing a resistor on the output.

A similar scheme for generating a current proportional to
uC x-for a PMOS device may also be provided. As shown 1n
FIG. 9, a similar tracking circuit 1101 1s provided. However,
in this implementation, tracking device 1103 1s an PMOS
device that in turn 1s coupled to an op amp 1115 and a current
mirror 1120 formed of NMOS devices 1122 and 1129.

An expression for the output current Ip, assuming device
1103 1s biased 1n the triode region, 1s as follows:

[EQ. 2]

Ip = #PCOXPI(VBPI — Vepr — |Vrp)(Vapr — Vpps)

where W/L 1s an aspect ratio of the tracking device and 'V . 1s
a threshold voltage of the tracking device, and V . ,,, V4 ,,
and V 5, are as shown 1n FI1G. 9.

tV.p whichis givenby V., -V, ., 1schosen to be much
larger than |V .| then the vanation 1 1V -l 1s suppressed
(1.e., tracked out) and 1, 1s substantially proportional to the
other process parameters (1.€., uC +).

Note that in Equations 1 and 2 above, all bias voltages can
be derived from a stable bias voltage independent of process
and temperature such as a bandgap voltage or an external
voltage so as to minimize dependence of generated currents
on other variations. Although operation of the above-de-
scribed circuits 1s valid for any aspect ratio, the tracking
device may be biased 1n the triode region to minimize power
dissipation.
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Embodiments may also cause tracking devices 1102 and
1103 to be biased in the saturation region, although 1t may
consume more power depending on how the device sizes are
chosen. The fundamental principle however 1s to suppress the
threshold voltage dependence for I, by applying alarge V ...

A different implementation 1s realized i1f the tracking
device 1s biased in the saturation region. Referring now to
FIG. 10, shown 1s a schematic diagram of a tracking circuit in
accordance with another embodiment of the present mven-
tion. In the embodiment of FIG. 10, tracking circuit 1100' has
a tracking device 1104 that 1s biased in the saturation region.
As seen, this device 1s 1n turn coupled to a positive input
terminal of an op amp 1135 and also to a first current mirror
device 1142 of a current mirror 1140. As seen, the second
current mirror device 1144 outputs an output current I ... In the
embodiment of FIG. 10, I, may equal:

154 |[EQ. 3]
Iy = uCox Z(VBNI — Vo )’

where 11V 5, 1s chosen such that I,,1s relatively independent
of V.., and V.., >>V . then I,, depends on other process
parameters such as uC,--

A similar circuit that generates the current for a PMOS-
type tracking device 1s shown in FIG. 11. Referring now to
FIG. 11, shown 1s a schematic diagram of another tracking
circuit 1n accordance with an embodiment of the present
imnvention. As shown in FIG. 11, circuit 1101' includes a
PMOS tracking device 1107 biased 1n the saturation region
and 1s 1n turn coupled to operational amplifier 1115 and a
current mirror 1120 formed of current mirror devices 1122
and 1124. In the implementation of FIG. 11, the output cur-
rent 1, from second current mirror device 1124 may be in
accordance with the following:

114

[EQ. 4]
IP = uCox Z(VBPI — Vgp2 — |Vrpl)?

Other implementations may provide other ways of gener-
ating a current proportional to mobility and oxide capacitance
by using differential pair devices. Referring now to FIG. 12,
shown 1s a schematic diagram of another process tracking
circuit 1200 that can generate a current proportional to mobil-
ity and oxide capacitance. As seen 1n FIG. 12, circuit 1200
includes two differential pairs 1210 and 1220 formed of
NMOS devices 1212 and 1214, and 1222 and 1224, respec-
tively. As seen, each differential pair has commonly coupled
source terminals coupled 1n turn to a current source 15, ..
Devices 1212 and 1214 are biased at their gate terminals by
bias voltages V5, +AV and V5, —AV, respectively. In turn,
devices 1222 and 1224 are biased at their gate terminals by
bias voltages V5, +AV and V ,—AV, respectively.

As further shown in FIG. 12, the drain terminals of devices
1212 and 1224 provide an output current, I_ ., while the drain
terminals of devices 1214 and 1222 are coupled to a current
mirror 1230 formed of PMOS devices 1232 and 1234, and
where the current mirror provides a current 1,+1;.

In one embodiment, NMOS devices 1212, 1214, 1222 and
1224 are the same size. Assuming square law devices, 1 ,,—
(L+1,)-(1,+1,)=2 pC,.- W/LL AV (V,,-V,). Note that a
complementary circuit can be implemented to obtain a cur-
rent I, that 1s proportional to uPC ;.

While the various bias voltages for the embodiment of FIG.
12 can be generated 1n different manners, referring now to
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FIG. 13, shown 1s a schematic diagram of a bias generation
circuit 1n accordance with an embodiment of the present
invention. As shown in FIG. 13, bias generator 1300 includes
an op-amp 1310 coupled to receive a reference voltage V.~
at a negative input terminal, and having a positive input ter-

minal coupled 1 feedback to a PMOS device 1315, that 1s

gated by the op-amp output. In one embodiment, V. ~may be
derived from a bandgap voltage. As seen, a resistor string
tormed of a plurality of resistors R1-R5 1s coupled to the drain
terminal of device 1315 to provide the various bias voltages
used, e.g., 1n the process tracking circuit of FI1G. 12. Of course
other manners of generating bias voltages can be realized.

Using the generated current that 1s obtained from a process
tracking circuit (and which 1s proportional to uC ), a thresh-
old voltage V. can be generated for the main device. More
specifically, a MOS device can be coupled to the output of the
current mirror of the process tracking circuit and which may
be biased in a moderate 1nversion region to thus take the
current output from the process tracking circuit and generate
a threshold voltage. Thus FIG. 14 shows a circuit 1400 that
generally includes the same process tracking circuit 1100 of
FIG. 8, and adds an additional MOS device 1154, which may
be configured as a diode-connected transistor, and having a
s1ze relationship with tracking device 1102 according to 1:p.
This scaling factor may thus relate the structures, which each
may be formed of one or more unit structures having a com-
mon aspect ratio. Note that a complementary circuit can be
implemented to generate threshold voltage V . from the pro-

cess tracking circuit of FI1G. 9, as shown below with regard to
FIG. 16.

Assuming the tracking device 1102 1s biased in the triode
region and 1s strongly inverted and the diode device 1154 1s in
moderate inversion and 1n saturation and using EKV models
to describe the transistor characteristics 1n a closed form
mathematical expression:

W [EQ. 5]
Iy = wﬁ#NCGXNZ(VBM — Vr)Veno
%% Vas—Vr
= JLI,NC{}XN EQHU%(IHZ(]. 4+ £ 2nUF ))
which results 1n
BVENLIYTN Y gin [EQ. 6]

2nl/

Vas = Ve + QHUThl[tE'\/ T2 -1

where @, [3 are current mirror ratios, as shown in F1G. 14;V .,
1s the threshold voltage of NMOS device 1154, U - equals

where K 1s the Boltzmann constant, T 1s absolute temperature
(in Kelvin) and q 1s the charge of electrons; V 4., and V ;. are
bias voltages that are fairly stable and independent of process
and temperature (e.g., dertved from a bandgap voltage); n 1s
slope factor from EKV models and 1s process dependent; and
W/L 1s the aspect ratio for the tracking and diode-connected
devices. Note that the simple EKV model (without second
order effects) to model I, versus V . 1s as follows:
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[EQ. 7]

Yep—Vr—nVsp )) ]

In? (1 + E( ZnUr

W
Ine = —uCoy2nU%
DS L# OX T }’GB—VT—”VDB)
ZHUT )

_ 1112(1 + E(

The second term 1n the brackets of Equation 7 has been
dropped because 1t 1s much smaller than the first term for a
device biased 1n saturation. Note that from Equation 6 o and
3 can be chosen such that V .=V ... To achieve the above
eXPression:

[EQ. 8]

HU%
T (Vani — Vin) (Vo)

afs

Note that Equation 5 does not include certain second order
elfects for simplicity. The basic concept works well even with
second order effects such as short channel effects.
Embodiments for generating the threshold voltage may be
performed at very low power as the diode device 1s biased in
moderate inversion, which requires a very small current to
keep the device biased at V.. Embodiments thus track process
and temperature very well and can therefore be used 1n bias-
ing non-linear capacitance compensation circuitry such as
shown 1n FIG. 1. In addition the circuit may be fairly insen-
sitive to errors in bias voltages and current mirroring as the
device 1s biased in moderate imnversion (which has less depen-
dence or sensitivity to the bias current) and can ideally be

biased at the threshold voltage. The errors in the V - genera-
tion circuit can be given by the following expression:

Vo = Ve + €, [EQ 9]
where
AVpyi N AVpno -
V -V V
€ = 139U, BN1 — VT BN?2
AVr An  2AT
 Vev1i—Vr R T |

The fact that U -1s much smaller compared to V - means that
the error term C 1s much smaller than V ., and T 1s tempera-
ture.

Note that although in the embodiment of FIG. 14, the
output device 1s shown to be diode, other embodiments may
take forms with (and without using) an amplifier and stacking,
devices. Reterring now to FIG. 15A, shown 1s a block dia-
gram of another voltage generation circuit that may be used to
generate a threshold voltage 1n accordance with an embodi-
ment of the present invention. As shown 1n FIG. 15A, voltage
generation circuit 1170 includes an amplifier 1175 having a
positive mput terminal coupled to receive the output current
from a tracking circuit (e.g., the tracking circuit of FIG. 8),
and a NMOS device 1180 having a drain terminal coupled to
the positive mput terminal of amplifier 1175 and a gate ter-
minal coupled to the output of amplifier 1175 and which
turther 1s configured as an output node to provide the thresh-
old voltage V... As further seen, amplifier 1175 further 1s
coupled to recerve a bias voltage V5, . at 1ts negative mput
terminal.

In another implementation as shown in FIG. 15B, a voltage
generation circuit 1185 may include stacked MOSFETs 1186
and 1188 having commonly coupled gate terminals and
where the top NMOS 1186 has a drain terminal that acts as an
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output node to provide the threshold voltage V ;.. Note that in
some 1mplementations additional devices can be stacked to
minimize power dissipation and improve variations with mis-
match.

Referring now to FI1G. 16, shown 1s a schematic diagram of
ne tracking circuit of FIG. 9 (i.e., with a PMOS ftracking
evice) and further including a diode-connected device 1160
nat provides an output voltage of V 5~V »l. The equations
escribing the operation are similar to Equations 5 to 8 above.
Note that in FIGS. 14 and 16, the circuit can be calibrated or
adjusted by making the sizes of the current mirrors, sizes of
tracking devices, various output devices and/or bias voltages
Veris Vap, Vers, and V.., programmable. In addition,
constant programmable ofisets can be mtroduced 1n addition
to V - and/or |V | for finer adjustment.

In embodiments 1n which threshold voltages are generated
for a compensation circuit as described above regarding FIG.
1, the actual bias voltage to be provided to the compensation
circuit may be the sum of the threshold voltages for the
compensation device and main device. Accordingly, 1n dii-
ferent implementations V .., and V ., generation circuits can
be combined in several ways, such as by using currents into
diodes to sum voltages or by using operational amplifiers. In
some 1mplementations a circuit can be used to generate V -,
V » by summing currents into appropriate diodes. The circuit
design (1.e., process tracking, voltage generation, and voltage
combining circuits) can be distributed within a chip to bias
various gain stages to minimize global and local variations. In
a differential implementation, this same circuit can output a
bias to both halves of the gain circuit (coupled to recerve a
differential input voltage). In this way, the total small signal
capacitance may be kept fairly constant across temperature
when used 1n conjunction with non-linear capacitance com-
pensation tuning of a PA across temperature, easing circuitry.

Referring now to FIG. 17A, shown 1s a schematic diagram
of a circuit to combine threshold voltages of different polari-
ties. As seen 1n FIG. 17A, circuit 1300 includes a NMOS
device 1310 and a PMOS device 1320. As seen, NMOS
device 1310 may be coupled 1 a diode configuration with
commonly coupled gate and drain terminals that further
couple to a current source I,, which may be the current
generated by tracking circuit of, e.g., FIG. 8. As seen, this
common node 1s further coupled to a gate terminal of PMOS
device 1320, which 1n turn has a source terminal coupled to
current source 1., which may be the output current generated
by the tracking circuit of FI1G. 9, for example. Thus this source
terminal may further act as an output node that provides the
combined threshold voltages V 41V -»l. Referring now to
FIG. 17B, shown 1s a similar voltage combining circuit 1300
that generates a voltage of V5,V 1~V | using PMOS
device 1310' and NMOS device 1320".

Yet another way of summing V.4V - 1s shown 1n FIG.
18A, 1n which circuit 1350 includes a PMOS device 1365
stacked on a NMOS device 1370. Current sources, which may
be provided from the different tracking circuits as discussed
above, may be coupled to these devices to thus provide the
combined threshold voltage output at an output node coupled
to the source terminal of PMOS device 1365. Note that it 1s
assumed that I,,1s greater than I.. Referring now to FIG. 18B,
shown 1s a similar voltage combining circuit 1350' that gen-
erates V,,—V~IV_ |l using NMOS device 1370' and
PMOS device 1365' at a node coupled to the source terminal
of NMOS device 1370'. Yet another way of generating V ., +
V. 1s to use operational amplifiers for summing the indi-
vidual voltages.

Referring now to FIGS. 19 and 20, shown are example
implementations of combined circuits for generating thresh-
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old voltages for both a NMOS device and a PMOS device.
Specifically, FIG. 19 shows an implementation of a circuit
1400 for generating a bias voltage (e.g., to be used by a
compensation circuit of FIG. 1) to thus combine a voltage of
V4Vl at an output node, V.~ Specifically, FIG. 20
shows an implementation of a circuit 1450 for generating a
bias voltage (e.g., to be used by a complementary compensa-
tion circuit (e.g., PMOS main device and NMOS compensa-
tion device component to that of FIG. 1) to thus combine a
voltage of V 5,V 1~V 1| at an output node, V ,5;,7-

As described above, a one-time programmable option for
the bias voltage generated using an embodiment of the
present invention can be included for optimizing the non-
linearity and distortion performance of a PA. There are a
couple of options as to how to go about accomplishing the
programmability with the circuits described above for V. +
V - generation. Adjusting the 1., and I, currents which are
proportional to u,,Cy-and pu Cp ;- may be one such technique.
This can be accomplished 1n one of many ways, such as by
adjusting the current mirror ratios of the uC,_ ;- process track-
ing circuit with a DAC, adjusting the bias voltages with a
DAC, adjusting the device sizes for the diode device and the
device biased in moderate mversion, and/or providing an
adjustment by adding/subtracting an offset from the V - gen-
erator.

As described above, compensation circuitry in accordance
with an embodiment of the present invention can be 1mple-
mented 1n a PA such as a CMOS PA. Such a device can be
used 1n various wireless systems, including handsets, mobile
devices, PDAs and so forth. Referring now to FI1G. 21, shown
1s a block diagram of a wireless device 1500 1n accordance
with an embodiment of the present invention, and which may
be a 3G or 4G smart phone, for example. As shown in FIG. 21,
wireless device 1500 may include an applications processor
1500 which may be a microprocessor or other programmable
logic to handle various system features, such as running
application programs desired by a user. To perform its func-
tions, applications processor 1510 may communicate with a
memory 1515, which may be a flash memory or other non-
volatile memory. Applications processor 1510 may further
communicate with a display 1520, such as an LCD display of
the system. For handling RF communications, e.g., wireless
phone calls, wireless data transmissions and so forth, e.g.,
according to a W-CDMA, OFDMA, or other protocol, appli-
cations processor 1510 may communicate with a baseband
processor 1530, which may handle baseband operations both
for transmit and receive paths. In turn, baseband processor
1530 1s coupled to a transceiver, which may receive incoming
baseband signals from baseband processor 1530, and perform
processing to upconvert the signals to RF levels for transmis-
sion to a PA 1550. PA 1550 may be a power amplifier in
accordance with an embodiment of the present invention that
includes one or more gain stages having capacitor compen-
sation and bias generation circuitry as described above. In
turn, PA 1550 may be coupled to an antenna switch, duplexer
or both 1555 which 1n turn 1s coupled to an antenna 1560,
which radiates the amplified RF signal.

In a receive path, antenna 1560 couples through antenna
switch 1555 and possibly through the duplexer or SAW filters
and then to transceirver 1540, which may demodulate the
incoming RF signals back to baseband for transmission to
baseband processor 1530 for further processing. While
shown with this particular implementation in the embodiment
of FI1G. 21, the scope of the present invention 1s not limited 1n
this regard.

While the present invention has been described with
respect to a limited number of embodiments, those skilled in

5

10

15

20

25

30

35

40

45

50

55

60

65

18

the art will appreciate numerous modifications and variations
therefrom. It 1s intended that the appended claims cover all
such modifications and variations as fall within the true spirit
and scope of this present invention.

What 1s claimed 1s:

1. An apparatus comprising:

a tracking device biased by a first bias voltage;

a comparator having a first input coupled to a first terminal
of the tracking device to receive a first voltage and a
second mput to recerve a second bias voltage; and

a current minor coupled to the tracking device and gated by
the comparator output to output a current, the current
proportional to a mobility and oxide thickness of the
tracking device and independent of a threshold voltage
of the tracking device.

2. The apparatus of claim 1 wherein the tracking device 1s

biased 1n a triode region.

3. The apparatus of claim 2, wherein the first bias voltage
comprises a gate-to-source voltage of the tracking device and
the second bias voltage comprises a drain-to-source voltage
of the tracking device.

4. The apparatus of claim 1, wherein the tracking device 1s
of a first polarity and first and second mirror devices of the
current mirror are of a second polarity.

5. The apparatus of claim 4, wherein a device size of the
first and second minor devices 1s programmable.

6. The apparatus of claim 5, further comprising a voltage
generation circuit coupled to the current minor to recerve the
current and to generate a first voltage that tracks a threshold
voltage of a gain stage device coupled to the voltage genera-
tion circuit across process and temperature.

7. The apparatus of claim 6, wherein the voltage generation
circuit includes a diode-connected device biased in moderate
1nversion.

8. The apparatus of claim 6, wherein the voltage generation
circuit includes a plurality of stacked devices coupled to the
current minor, and having commonly coupled gate terminals,
wherein a first terminal of one of the stacked devices 1s
coupled to an output node to provide the first threshold volt-
age.
9. The apparatus of claim 6, further comprising a second
voltage generation circuit coupled to a second process track-
ing circuit to recerve a second current and to generate a second
voltage that tracks a threshold voltage of a compensation
device coupled to the gain stage device access process and
temperature.

10. The apparatus of claim 9, further comprising a voltage
combiner to combine the first voltage and an absolute value of
the second voltage and to provide the combined voltage to
bias the compensation device, wherein the compensation
device 1s coupled to the gain stage device to compensate for a
capacitance non-linearity of the gain stage device.

11. The apparatus of claim 6, wherein the tracking device 1s
formed of at least one unit device having a first aspect ratio,
and the gain stage device 1s formed of a plurality of unit
devices having the first aspect ratio.

12. A method comprising:

generating a current that 1s proportional to a mobaility and
an oxide capacitance of a tracking device, the current
independent of a variation of a threshold voltage of the
tracking device; generating a first voltage from the cur-
rent 1n a voltage generation circuit; and

providing the first voltage as at least a portion of a bias
voltage for a device of a circuit.

13. The method of claim 12, wherein the circuit 1s a com-

pensation circuit coupled to a main device to compensate for
capacitance non-linearity of the main device, the device of the
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compensation circuit having an opposite polarity to the main
device, wherein the first voltage corresponds to a threshold
voltage of the main device.

14. The method of claim 12, further comprising generating

a second current that 1s proportional to a mobility and an s

oxide capacitance of a second tracking device, the second
current independent of a vaniation of a threshold voltage of the
second tracking device, generating a second voltage from the

second current 1n a second voltage generation circuit, and
combining the second voltage with the first voltage to form
the bias voltage for the device.

15. The method of claim 12, further comprising generating
the current in a current mirror having a controllable ratio.

20

16. The method of claim 12, further comprising generating
the current 1n a current generator having a first differential
pair and a second differential pair with commonly coupled
second terminals, wherein a first terminal of one of each of the
first and second differential pairs 1s to generate the current at
an output node, and further comprising a current minor hav-
ing a first current minor device coupled to the output node and
a second current mirror device coupled to first terminals of the

1o other of each of the first and second differential pairs.
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